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ATTRACT 

In order to establish a better basis for correlating chemical | 

reactivity with polarograptlc behavior of carbon-halogen bonds, an 

attempt has been aada to ascertain whether the electrochemical pro- 

cess involves an elimination or free radical mechanism. The present 

study presents evidence derivable from structural influences• 

A group of branched chain alpha-broaoaUcanoio c.cida with several 

of their ethyl esters and straight chain isomers were investigated 

polarographically. The relation between half-wave potential, Ei, 

and pK for the acids follows an S-ahaped pattern having pH-invariant 

regions in the alkaline and acidic ranges, Ei in the latter region being 

considerably more negative. The Ei values for the esters are pH- 

indepandent, being slightly acre positive than those of the correspond- 

ing scids in the acidic region. The polarographic waves all involve 

a two-electron reduction process, and are all diffusion-controlled. 

In the acidic region, the branched chain acids are more easily reducible 

than their straight chain isomers by 0.20 to 0.13 •., the larger 

differences being observed for the lower molecular weight acids. In 

the alkaline region the situation is similar, but there are some apparent 



The possible course of the eleetrode reaction is considered in the 

light of the influence of pH, of chain length and of chain branching* 

Certain aspects of a possible analysis of the pH-dependenee are discussed 

and shovtoomings of previous theoretical treatments are noted. Tenta- 

tive hypothe*A* for a plausible reaction mechanism are advance! In terms 

of contenqpo-rary organic reactivity theory and steric concepts, Evidence 

is examined for an elimination process of either S.J or SJ2 pattern 

for the carbon-halogen bond fission, and some consideration In given 

to the possibility of a free radical mechanism. The anomalous behavior 

in the alkalies region is explained as the result of formation of cer- 

tain ring-structures which can achieve stability only in the adds which 

behave anomalously* 

INTRODUCTION 

Previoue polarographic work on electrochemical earbon-balognu bond 

fission In alpha halogenated alkanoic adds is reviewed in a study (1) 

of the straight chain acids. At ell pi! values, as chain length increases, 

observed Bi decreases, there being ore exception, brovobutyrie, in the 

alkaline pH region. The bond-fission involves a two-electron reduction 

with conversion to the correspond ig saturated acid. The effect of 

ethanol on Ei and on diffusion current, 1., is also discussed, as are 

the influences of structure and inductive effect on the ease of reduc- 

tion. 

It seemed logical to inquire next into the effect of branching of 

the carbon chain and of increasing subsequent chain lengths on the ease 

of reduction. Consequently, bromoacetic acid (HH), 2-broaoproplonlo 

add (MB), 2-broBObutyric acid (EH), 2-Dromo-2-«ethylpropiodc add (MK), 

2-bromo-2-aethylbutyrio add (ME), 2-bromo-2-ethylbutyrlo acid (EE) 

and 2-bromo-2-etbylhexoic add (BE) were etuded, the first three for 



comparison with the previous stud/ (1) . Ir- order to complete the work, 

For brevity and clarity, the various acids will be subsequently referred 
to through the use of the abbreviation-^ Indicated» These consist of 
the initial letters of the subsbituer.ts, other thin bromine, on the 
alpha carbon atcm, i.e., H is hydrogen, H is methyl, E is ethyl, etc.| 
in the case of the ethyl esters, Et will be prefixed, e.g., EtMH is 
ethyl-2-bromopropionate. 

the ethyl esters of five of these acids were investigated. 

One of the objectives of the systematic study of the electrochemical 

fission of carbon-halogen bonds being carried on by the senior author 

and his eoworkera is the definition of a possible basis for correlat- 

ing organic chemical reactivity of these bonds with the polarographically 

defined half-wave potentials. Since both the chemical and electrochemical 

processes are usually irreversible in nature, comparison such as indicated 

would be valid only if both processes involved the same essential reac- 

tion pattern. For this reason, an attenqpt is being made to ascertain 

whether the electrochemical process is an elimination reaction of the 

SJL or SJc type, or a free radical process. 

The observed behavior of the acids and esters in the present study 

is considered from several points of view, e.g., the prediction of ease 

of bond fission from the principle of i Permanent polarisation, and the 

compatibility of observed behavior on substitution with that predicted 

for different elimination mechanisms. 

Another matter requiring extensive consideration is the ton-.isteutly 

observed and repeatedly verified result (1-6) that for a-haloalkanolc 

acids, Ei varies with pH in an S-shaped pattern. This behavior has never 

been satisfactorily explained on a quantitative basis, although related 

phenomena in other groups of compounds, e»g«, the double wave in pyruvic 

sold, have been successfully treated (7,8). It in not clear at present 

whether the S-shaped curve requires merely a modification of some of 
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these treatments or whether entirely new concepts are required. An 

ittiiit hy Saito (9) to use a modification of Brdiclca and V.'iesner's (7) 

approach to the problem ie quite uns at is factory <• An attempt is being 

made to forwtlate a consistent treatment of this matter, and its dis- 

cussion will be the subject of forthcoming work, Accordingly, the 

phenomenon of the S-sbaped curve io givan oaly brief attention in the 

present paper,, 

EXPERIMENTAL 

The experimental conditions differ aoaeuhat from those of previous 

work (1, 2, 3)» The following buffer systems, adjusted to an ionic 

*Lrength of 0.5 M, were used: HCl-Kd (pH 1 to 2), HCgH-Oj-NaC^H-Oj 

(pH h to 6), and HH~-NHiCl (pH 8 to 9)« The operating temperature was 

0*$ the test solution contained ?•};% ethanol by volume; the mercery head 

was 50 cm, Supplementary measurements ware made at 25* » and others at 

75 om. The capillary used was Corning marine barometer tubing, baring 

a drop-time of 5«9U sec. and an m-value of 1.071 mg./sec. at open circuit 

in distilled water (50 cm., 0*). Temperature control to -0.1 degree was 

achieved by using a specially constructed polarographio H-c-ii immersed 

in an ies bath. A Sargent Model XXI Polarograph was used in connection 

with a leads and Sfcrthrup student-type potentiometer. All potentials 

given are corrected for IR drops and are referred to the 3.C.E. Beckman 
wars 

Modal Q and H pB meterajtused to measure )>H. In view of the 9.5* ethanol 

content of the test solutions, strict interpretation of the pH values is 

unwarranted; accordingly, pH values are given to only one decimal place 

in the summary table (Table VII) even though measured to -0.02 pH units 

and so reported in the primary data tables (Tables I to VI). 

MM, EE, EtBe, EtEE and EtMM were obtained from Sapon Laboratories. 

EtEH, EtMH, HHj MH, and EH were Eastman Kodak white label grade chemicals, 

MS and BE were synthesized. No special attempt was made to purify these 
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compounds except for HE and BE which w«i"e, o * ourse, purified In the 

course of their synthesis* The termer distilled at 10i|-107°/8 mm., and 

the latter at 100-101*/2 mms All confounds were found to be polaro- 

graphlcally pure. 

Test solutions were prepared by diluting a 5-ml° portion of stock 

solution, containing a known concentration of the compound in 9$% ethanol, 

to $0 ml. with buffer solution. All stock solutions ware prepared at 0"j 

stock and buffer solutions were stored at 0*. Concentration and pR values 

subsequently given are those of the final test solutions. Solutions 

were deoxygenated with nitrogen, purified as described (2). Base solu- 

tion (obtained by mixing 95% ethcnol with buffer) curves were used in 

vtnj case to correct the test solution curves. 

Choice of operating conditions was governed by the following factors} 

the poor solubility of some of the oompounds in water Indicated the 

necessity for a mixed solvent; the use of ethanol and the proportion 

of 9°5% by volume were somewhat arbitrary, being selected on the basis 

of solubility improvement and mlninum Ex effect. At 25* the rapid 

hydrolysis of some compounds, particularly in alkaline media, even during 

the relatively short period of deoxygenation and electrolysis, resulted 

in curves worthless for calculation! the disturbance was effectively 

eliminated at 0*. 

OBSERVED BEHAVIOR 

All the acids exhibited a sigmoidal variation of Ei with pH, the 

curve having flat portions in the acid region below pB 2 and in the 

alkaline region above pfl 8; values of Ei in these invariant regions ere 

given in Table VII and are plotted in Pig. 1 against the number of carbon 

stems. Complete data for the acids are given in Tables I to IV and VI. 

Fig. 1 laolud— a similar plot for the straight chain 2-bromoal kanoic 

tolas (1). Since the latter data were obtained under somewhat different 
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experiments! conditions (temperature difference and alcohol absence), 

the curve la displaced along the ordinate., Hovever, the similarity in 

the trends of those acids covered by both sets of data (HH, RM and EH) 

la such that t. qualitative extrapolation way be aade for purposes of 

comparison. This plot and its interpretation constitute the basis of 

much of the subsequent discussion„ 

In the acid pH region, the adds exhibit a continuous decrease in 

(negative) Bi vith increasing chain length, i.e., they become more easily 

reducible. There is a sharp break between the straight chain acids and 

their branched chain iooraers, the latter being more easily reducible* 

Following this break, the trend is almost the same for both series. 

In the al kal las region, the situation is more complicated. In 

general, there la again a continuous decrease of Ei with inceaaing 

molecular velght in both series of adds, there being, however* three 

anomallost EH in the straight chain series, and ME and SE in the branched 

series. The Increment in Ei between respective non-anomalous members 

of both series is greater than the corresponding increment In the meld 

region. It is significant, as subsequently shown, that all three sjmmmfl lag 

are encountered in molecules with one or two ethyl substltuents on the 

alpha carbon atom. 

Because of the anomalous behavior of KE and EB in the alkaline 

region, there is a cross-over in the plots of the branched and straight 

series. However, the trend of the curves seems to be in the direction 

of a reversal of this cross-over, perhaps at the CQ level. 

Temperature coefficients of i. and current ratios upon variation of 

the mercury head agree closely with the theoretical values consequent to 

diffusion-controlled current-pro ±icin? processes. The a values, the 

empirical constants in the equation for Ei (10), vary from 0.6 to 0.7 

in the acid region to 0.3 or O.U in the alkaline region. Diffusion current 
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constant*.. I, are lover In the alkaline region than In the acid region and 

pass through a ninimun In the interaediate region. 

The Ei values for the esters {Table 7} ure Invariant with pH. Such 

alight variations as do occur can be attributed tc the specific effect 

of the differing buffer systens U3ed» Variation of ester Ei with 

number of carbon atoms in the parent acid is shown in. ?lg. 1. The ester 

Ei is in each case very close to Ei of the corresponding acid in the 

add region, beiiig slightly less negative. These results agree with 

previous observation (U, 5). The activating influence of the carbonyl 

group on the carbon-halogen bend fission la emphasised by the fact that 

the ft -bronoal kanalc .acids uw eaUirs do not shew reduction within the 

observable potential range. 

DISCUSSION 

The principal effects to be considered are (a) the pH-depcndoncy 

of Ei in the case of the acids, (b) the decrease of (negative) Ei with 

increase of chain length, (o) the effect of chain branching, and (d) the 

apparent anomalies in the alkaline region with respect to decrease of 

(negative) Si with chain length. 

Dependency of Ei on pH 

Although a detailed analysis of the sigj«ld relation between Ei and 

pH cannot now be presented, certain aspects of the phenomena involved 

will be discussed; 

Onl^r one polarographic wave appears in the fission of the carbon- 

halogen bond in a-halo acids and esters; this wave is diffusion-controlled. 

We can thus be fairly certain that the kinetic process of acid-anion 

equilibration la not directly rate-controlling. Consequently, one or 

another of the following processes probably prevails: (a) Only one of 

the equilibrium fores is reducible over the potential span used} its 

Ei is pH-dependent. (b) Both form are reducible and the form reducible 
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at the less negative potential is reduced preferentially over the whole 

pH range; its Ei is pH-dependent. (e) Both forms are reducible and one 

or both of the forms have EL pH-dependentj the sepsrste curves of Ei 

•3. pfl cross, i.e., one form i3 preferentially reduced over one end of 

the pH range, and the other form over the other end. (d) Both forms 

are reducible with pR-independent £y the rising portio of the curve is 

due to some as yet undetermined feature of the electrode process kinetics-. 

One question which can fairly be answer*'! at this stage is the 

nature of the trore readily reducible form, which has been assumed in 

previous work to be the undiasociaced acid, a conclusion which is highly 

probable. In the first place, Brdicka and Viesner (7) made this assuap- 

tlon in the case of pyruvic acid; their mathematical treatment produced 

calculated results in good agreement with the data. Secondly, the ethyl 

esters of the haloacids, which are more closely related to the undissociated 

add form than to the anion of the parent acid, hare pH-invariant Ei 

values vary close to those of the acids in the acid region (Fig, 1, 

Table Vj references h,  5). It is also important in this connection to 

emphasise that the data on the esters indicate that the fundamental 

phenomenon of carbon-halogen bond fission is itself pH-independentj thus, 

the pR-dependence of Ei for the acids must be ascribed to other phenomena. 

An interpretation of the greater ease of reduction of the aster or 

acid compared to the anion can be given on the basis of electronic polarisa- 

tion, if the SjJ. mechanism is assumed. In the anion, such a mechanism 

would produce at the electrode on fission of the carbon-halogen bond a 

transitory species with a local positive charge on the alpha carbon atom 

and a local negative charge on the terminal oxygen atoms. Internal com- 

pensation might then lead to a stabilized a-lactone structure (II) (11-13) 

much less labile than the corresponding undlssociated acid or ester 

intermediate (I): 

t 



R - C - COOR' a - C - C • 0 

V 
I II 

R and R' refer either to hydrogen or to alkyl group?. 

There are several possible assumption!" about the nature of the pH- 

tiependency, which r:ay to divided into two groups:  (a) Those IJI which 

hydrogen ion activity enters as a factor in the mass action effect for 

acid dissociation, as involvad either in the kinetics of the equilibra- 

tion or in reducing the number of iMtthemstical variables by substitution,, 

(b) Those in vhiob hydrogen ion enters because of its role in the gross 

electrode process itself^ Results of the »nsi'.wit.<nn« <« f»\  relied tc 

the present case are semi-enpiriccl and eike generally poor fits with 

the datac On the other hand, the rssu.tpbiori; consequent to (b) have 

never been adequately discussed* For instance, the slectroreductlon is 

coupled, kinetically, with the diffusional process. In the classical 

analysis, this coupling is treated only f*-on the point of view of diffusion, 

i.e., only when the potential has reached a value at which the rate of 

diffusion is the Uniting process (10). But at the Ei value, this point 
2 

uas not been reached, i.e., the electroreduction is still the process 

which is rate-controlling. let the lack of applicability of the ELkovic 

equation at potentials less than those corresponding to the limiting 

portion of the wave is never seriously questioned, e.g., it is conven- 

tionally (and conveniently) assuioed that when £ « Ei, the surface con- 

centration is equal to one-half the bulk concentration, and so on for 

other points on the wave, although the boundary condition for the solu- 

tion of the differential equation for diffusion to a growing spherical 

surface is, to quote Koltkoff and Lingane (10), 

C. <£C, or C. - 0 when t > 0 

It is the authors' view that treatment of these and ether inconsistencies 

in*basic polarographic theory must be undertaken before final answers to 
!l. 

questions like the pK-deperj'Jcnoe of polaroj^riphic waves eaa be found. «•- v: 
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Effect of Chain Length 

The possible interpretatioa of this effect can be presented from 

several viewpoints <> If the reaction proceeds by an S ' neehanisa, the 

decrease in (negative} Ei with chain length would be expected, because 

the electron drift from the alkyl substituonts i«ouid serve u> make the 

fraetiohal charge en the alpha carbon progressively less positive as the 

number and size of the substituents increased. This would progressively 

weaken the carbon-bromine bond, and the dissociation of the bromine would 

becoma steadily less difficult• Consequently, the electrorsduction 

would occur at a progressively less negative Ei. This argument is open 

to the possible oojection that the continuation of the trend in the 

higher acids would violate the concept of permanent polarisation. 

The latter holds the influenos of electron-repelling groups toward a 

positive center to be negligible at a distance of more than one carbon 

atom. We would therefore expect a change in the reactivity of the alpha- 

oarbon-bromins bond J» going fro:', brcmoacetlc to broraopropionic add, and 

perhaps even a further change on going to broiaobutyric acid; beyond this 

point, no further change should be expected. This expectation is con- 

tradicted by the data. 

In discussing the straight chain acids, Rosenthal, Albright and 

Qving (1) indicate that the apparent conflict cited is due to the 

operation of such factors as ease of approach to, orientation to, and 

adsorption on tfce electrode surface. In particular, they consider that 

adsorption may be the principal factor in causing the steady decrease 

in -Ei with chain length. They cite work (lh) on the adsorption on 

meroury of the normal primary alcohols from the vapor phase, in which 

it is shown that there is a regular increase in free energy as chain 

length increases. If a similar situation exists in the ease of adsorp- 

tion of the acids on mercury from solution, and if the adsorption is fast 
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enough so that it is not the rate-determining step, the electrode reaction 

could take place within the adsorbed film, and still reveal itself as 

diffusion-controlledo Thus, differences in the energy of adsorption Mould 

be the primary potential-controlling condition, rather than differences 

in bond strength in the acids, although the factors are related. An S.J. 

mechanism could still be defended in such a case} the veil-know affect 

of the solrent in being condueire to dissociation could be assumed by 

the field of the mercury electrode. 

The possibility of an £..2 mechanism, involving back-aids approach 

by a nnoleophilie agent, cannot be disndssen. In This case, electrons 

from the electrode would th?~;*lr?s constitute whe uucleophilio agent. 

At first glance, such a mechanism seems to be in direct conflict with 

the data, becauss substitution of elkyl substituents, as discussed 

previously, would make the alpha carbon less positive, thus decreasing 

its attraction for a nueleophilic agent. Such a mechanism, if it wars the 

potential-determining step, would cause an increase in -£i with chain 

length. On the other hand, the effect of sn increased electron drift 

might be compensated for "by stretching of the carbon-bromine bond. In 

any case, if the adsorption hypothesis is correct, either Sjl or S„2 

effects would be masked and no decision on the basis of present evidence 

is possible, 

The idea of the S.J. mechanism is still attractire, however, because 

(a) it explains the sharp drop in -Ei going from HH to Ki followed by 

the smaller drop from KH to EH) (b) it explains the more difficult reduction 

of the ardon form compared to the undissociated sold) and (c) it explains 

the affect of branching, discussed in the next section. 

It is obviously desirable to distinguish among poasible msohaniams 

by a study of an acid such as ME with an asymmetric alpha carbon in order 

to ascertain whether optical activity is retained during reduction, and, 

P 
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if BO, whether coafiguratioa is retained* la &JS. B^haaisms, there is 

reversal of configuration, idiil© configuration is retained in SJL and 

Ivery rapid 51 processes*   There is loss of activity in most SJL and 

free radical processas.    It is planned to ie*estig«t« electrochemical 
I •.-;'•, 

carbon-halogen bond fission in an optically active compound* 
• '• - 

Effect of Chain Branching 
*m  ~I-MI—~TT  1 •• - 1  1 mi 1 • —— •• 1 1 •!•—•• ii nuilt 

Branching has a very pronounced effect on Ex. (Fig. 1). In the acid 
a. 

region, the difference in redusibility between corresponding isosaers 
;_."" ' '' " •    •      :  i. 

in the straight and braached series varies fro* 0,20 to 0.13 v., goiig 

from the Ci to C« iso&ers. The difference appears to converge gently, 

indicating that in the higher acids the effect of branching on reducibility 

would be negligible. In the alkaline region, because of the anomalous 

phenomena encountered, the effect of branching is not so clearly delineat- 

ed, though the effect is quite evidently present• 

The pronounced effect of branching in the acid region is explicable 

on the basis of permanent polarisation, The combined effects of two 

alkyl substitueats oa the same carbon atc.i will be much greater than the 

effect of one substituent alone. There is ample evidence to support this 

in the known lability of tertiary carbon atoms as compared with the 

secondary or primary carbon atoms. la addition, there is the possibility 

of B-strain due to the Increased substitution. Living and Westover (15) 

found the polarographic behavior of the butyl bromides to be in accord 

with the effects observed here, although the differences were not so 

striking. They find Ei values of -2.U7, -2.UU, aad -2.35 volts for 

n-butylbrojiu.de, iso-butylbromide and sec-butylbromide, respectively. 

An S^l mechaaism is la accord with this type of progression, since such 

reactions are favored by increasing complexity of substitution (16, 17). 

It is noteworthy, in connection with the foregoing discussion of 

the depeadeace of Ex upoa structure, that Taft (18) has been able to 
a 

: 

: r 

*m 

m... 

I 
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correlate the Ei data for the alpha bro!»oalicanoic acids at pH 1.1 reported In 

this paper with Hanmett's polar substituent aigna-vsluss (12). The calculated 

rhp-valne for this corr slation is 0.3S7 1 O.CF2„ 

Before concluding the dineuasion cf probable rechanisms, the possibility of 

free radical formation must be considered. That such reactions may occur in elec- 

trode processes is demonstrated, for example, by the work of Haggerty (19) and 

Wheland's treatment of it (20), In whl-h it is shovn that the reduction of acetone 

at a mercury cathode gives rise to both nercury diisopropyl and pinaccl; this sug- 

gests the transitory existence of the isopropyl radical as well as the structure 

(CH-jXpC-O* or (CH.j)oC-0H. Free radicals have also been postulateo in the Kolbe 

synthesis, e.g., see reference 21. 

The free radical mechanism postulated must be compatible not only vith the 

stoiehiomev.ric reaction but also with the shift of Ei with chain length and with 

branching. The following considerations satisfy these requirements! (a) The free 

radical formed can acquire an electron to form a carbanion, or it may pick up a 

hydrogen atom to complete the gross react lor., (b) As chain length increases, the 

resonance energy of an alkyl free radical increases (22). Thus, If the potential- 

determining step is the breaking of the C-Br bond to form a free radical and if the 

bond strengths are nearly constant (as expected from the concept of permanent polar- 

isation), the differences in resonance energy account for the trend of the gi values* 

(e) The initial effect of branching can be accounted for by the decrease in bond 

strength associated with tertiary substitution, while the subsequent and gentler 

decrease in -Si can be justified en the same basis as in (b). 

The anomalies in the Alkaline Region 

It is proposed that the anomalous behavior encountered in the alkaline pH 

region has its source in the tendency toward stable ring formation found in 

pounds having six-member chains with terminal atoms differing in 



electronegativity. In each of the compounds exhibiting anomalous behavior, 

i.e., EH, ME and EL, which are reduced at substantially more negative 

potentials than would be expected frcn the trand of the neigtboriss acids, 

there is a possibility of forming aw Isaat CDJ sii.-'jienbered ring: 

R 
I 

j   *, 
H-C-F  .0 

In the case of the only other acid among those stucded vhere a six- 

membered ring could be fomed, BE, the data for comparison (on the longer- 

chain side) are not available. 

Construction of Flsher-Hirschfeldcr-Tay'lor models of the acids shoving I 

anomalous behavior tends to confirm this hypothesisc In the model of 1 
i 

ME, for example, the hydrogen atoms on the y-c; rbop atom make firm contact 

with either oxygen atom (these being equivalent in the an'on), while 

those on the ^-carbon atom, although they make contact, are constrained 

to do so at an unfavorable angle. 
i 

On the other hand, it is mechanically possible to show, using the 

models, that unstrained puckered rings ifrich ore composed of chains more 

than six members long can be formed in acids, like 2-bromohexolc (BH). 

However, the data indicate no extra stability for such *t nurtures) they 

are not anomalous in behavior. This apparent difficulty can be resolved 

by reference to the concept of an a-lactone structure in the anion, as 

previously discussed., This structure ooaotroins the u-carbon atom, the 

carbonyl carbon atom, and the carbonyl oxygen atoms to lie in a plans. 

Under that constraint manipulation of the models demonstrates that the only 

C-H-0 bond now possible is that involving the y-carbon atom. With this 

assumption, the possibility of forming rings with a number of members other 

than six becomes remote. 
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mere exists, of course, the converse possibility, namely, that the 

six-member ring augr<tenta the stability of the a-lactone structure.    This 

would be v desirable interpretation because oa•• vould expect the resistance 

to reduction to be related to the stability of the a-lactone intermediate, 

vfcich exists only sear tfie electrode, and not to that of the ring, which, 

after all, might exist in the bulk of the solution as '*ell as near the 

electrode. 

In the data on the straight acids (1), the increment of potential 

associated with the anomaly cited (EH) is about 0.0J> volts, corresponding 

to an energy increment for a two-electron process of 2.3 kcal./mole. 

Comparing this with the commonly accepted value of J> kcal./mole for many 

hydrogen bonds, the value of 2,3 kcal./mole is of reasonable order of 
I 
i magnitude for a relatively weak manifestatien0 It is difficult to 

establish from the present data the magnitude of an analogous increment 

I 

because of the absence of data on the longer chain side. However, 

conclusions can be drawn. For example, the data show that EE must have 

a larger Increment than either of its neighbors. (Pig. 1). This sold, 

as can be demonstrated with the Fishar-riirschfelder-Taylor models, can so 

dispose itself that the two possibilities for -C-H-0 bonds can be 

simultaneously realised, thus accounting for the increased stability. 

Experimental anomalies involving six-membered chains have been re- 

ported. Newman (23) observed such an effect in the acid-catalysed 

esterlfication of a large number of acids, and devised the concept of 
I 

L  —•.— ^Q elucidating a rule of thumb for predicting such anomalous 

behavior. However, the effect described by Mswmsn differs from that 

encountered la the present work, in that ones the possibility of achieving 

a six memo tred ring has developed, subsequent Increase la complexity of 

the terminal group has no Influence. 

On the other hand, «ari.iner (2U, 2£), Dippy (26) and Evans (27, 28) 

have described anomalous behavior involving six-member chains, in which the 

\ 
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anomalies represent departure of one particular member of a series from 

a trend which coatimj.es .In the series members on either side of the 

anomalous compound. The work of Tippy is of particular interest because 

of the close association of the coiupour.d3 studied with those of the 

present work} he precenta valuc-3 of ionizetlon constants for saturated 

straight chain Aliphatic acids out to octanoic, and for certain of their 

branched chain isomere. There is a consistent decrease in K. among 

the straight chain acids except for the striking anomaly of n-butyrlc 

mold, whose S. is greatly in excess of the values for its neighbors in 

the series. In the branched series, diethylacetic acid and ethylmethyl- 

noetic add are similarly anomalous. These are: the parent acids of the 

r*rj compounds found to show anomalies in the present work. 

The authors cited have suggested formation of a cyclic six-wember 

structure whose angles conform more closely than any other ring structure 

to the normal tetrahedral bond angle for carbon. The stabilisation of this 

structure is supposed to be effected by a loose chemical connection which 

is discussed in terms of hydrogen bonding (Dippy), hyperconjugation (Berliner) 

or resonance (Evans). Hunter (29) in a review on hydrogen bonding 

states that C-H-0 bonds are very weak, and are probably manifested only 

under some directing influence; such bonds are very difficult to detect. 

Nevertheless, even such a weak influence might exert sufficient stabilisa- 

tion on the structure to produce the effects observed. 

If the energies of the various configurations possible in the 

u-bromo aliphatic acids could be estimated, the problem of ring forma- 

tion might be attacked by statistical mechanics. Energies associated 

with the strain produced by various configurations, and energies associated 

with bond rotation would have to be estimated, as well as the energies 

resulting from approach of the terminal atoms. From these, a partition 

function could be constructed. It would then be necessary to compute 

_ 
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the populations of those configurations approximating to a six-nesbered 

ring, fi*e-aeabered ring, "cclosed ':, straight chain, etc., for several 

of the acids, to find out if there is any exceptional stabilisation 

csaociated with the six-nenbered ring configuration, Work of this type 

has been carried out for hydrocarbons (30). 
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Table I. Polarographic data for 2-bromo-2-rnGthylpropionic acid (MM) 

Except as noted, temperature is 0*c., and mercury head is 
50 ca. Diffusion coefficient, calculated from the Stokes- 
Einstein equation, is 2.02 x 1C"°- n-value, calculated from 

PH 

1.07 

Ilkovic equation, is 2. 

-E, 

1.80 

4.01 

4.ao 

5.60 

7.79 

8.87 

Acid 
Concn. 

mM. 

0.521 
0.521 
0.260 
0.260 
0.521 

0.521 
0.260 

0.521 

0.521 

0.521 

0.521 

0.521 
0.521 
0.521 

0.589 
O.589 

^1 
1 

0.279 
0.287 
0.287 
0.283 
0.215 

0.287 
0.275 

0.473 

0.577 

0.795 

1.059 

1.066 
1.092 
1.022 

1.059 
1.090 

0.65 
0.60 
0.58 
0.62 
0.60 

0.60 
0.60 

0.31 

0.27 

0.21 

0.34 

0.33 
0.37 
0.34 

0.33 
0.30 

-d 

u: 

1.48 
1.82 

2.5Q 

1.46 
0.675 

1.08 

1.26 

1.31 

1.35 

1.26 
1.74 
2.22 

1.38 
1.86 

2.05 
2.0c 

0.765     2.12 
0.945    2.10 

i. >.n 

2.02 
2.12 

1.50 

1.72 

1.81 

1.89 

1.75 
1.95 
2.93 

1.70 
1.85 

Notes 

a,b  (R - 1.23) 
c 
c,b   (R - 1.24) 

v"i 
#*#<?   / .. - • *.yt?/ueg.) 

(Ce - *1.13^/deg.) 

c 

b   (R - 1.38)    t 
d,e  (C± - +2#/deg.) 

(Ca - *0.25#/deg.) 

b  (R - 1.34) 

a 
b 

c 
d 

- Maximum present. 
- Mercury head » 75 cm. II • diffusion current ratio for 
mercury head (75 cm.:50 cm.); for diffusion control, expected 
value is A.23. 

- Concentration decreased to eliminate maximum. 
- Run at 25"C. C±  is temperature coefficient of I; expected 

value for diffusion control is about •2%/degree. C ia 
the temperature coefficient of E*. 

e - Diffusion current corrected for hydrolysis. 



Table II. Polaro~raphic data for 2-brono-2«methylbutyric acid {ME) 

Except as noted, the temperature was 0*0. and the mercury 
head v/as 50 cm. g 
Diffusion coefficient is 1.97 x 10""'.    n-value  (Ilkovic) - 2. 

Acid 
PH Concn. 

2 
a ld I Note 8 

m ua. 

1.07 0.503 
0.102 

0.252 
0.264 

0.60 
0*63 

1.35 
0.324 

1.89 
2.23 

f 
c 

i.ao 0.506 
0.503 
0.465 
0.465 
U.0V3 
0.534 
0.465 

0.256 
0.254 
0.246 
0.260 
0.250 
0.263 
0.164 

0.67 
0.72 
0.62 
0,65 
0.6& 

Oe 06 

1.29 
1.3 b 
1.64* 
3  20 
6^ 273 
1.62 
2.10 

1.31 
1.91 
1.74 
1  <»•» 
X.   W.*. 

2.12 
2.22 
3.03 

f 
S 
f, 
X 

C 

f* 
d 

b   (R - 1.21) 

h 
(Cj - +2.4%/deg.) 

(Ce - +1.45^/deg.) 

4*01 0.513 
0.513 

0.395 
0.373 

0.31 
0.31 

0.99 
O.90 

1.37 
1.33 h 

4*60 0.503 0.490 0.27 1.12 1.60 

5.60 0.503 O.694 0.23 1.04 1.47 

7.79 0.503 
0.534 
0.465 

1.023 
0.949 
1.005 

0.26 
0.23 
0.31 

1.15 
1.03 
1.59 

1.65 
1.46 
2.40 

h 
d (C± - 1.5£/deg.) 

(Ce<*0.25^/deg.) 

a. 67 0.596 
0.596 

1.023 
1.077 

0.26 
0.23 

1.41 
1.77 

1.72 
1.74 b (R - 1.25) 

• 

f - Gelatine concentration approximately 0.02$. 
f- Gelatine concentration approximately 0.01$. 

- Alcohol concentration 3.'o% by volume.  Ionic strength 0.45* 

•This current has been corrected to permit comparison with 
preceding values obtained at a higher concentration. 
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Table III. Polarographic data for 2-bromc-2-ethylbutyric acid (EE) 

Except as noted, the temperature \-IBB  0°C. and the mercury 
height was 50 cm.  Diffusion coefficient is 1.92 x 10"°. 
iUcovic n-value is 2. 

PH 
Acid 

Concn. -El 
1 

v. 

a 4d 
T Notes 

1.07 0.72 0.224 
0.132 

0.61 
0.67 

1.64 
2.64 

1.63 
2.52 d (C1 - •1.75$G/deg*i 

(Ce - +0»75#/deg.) 

1.30 0.216 
0.222 

0«70 
0.73 2.22 

•i    T> 

1.76 
(II - 1.27) 

4.01 0.335 0.30 1.26 1.25 

4. do 0.477 0.23 1.23 1.22 

5.60 0.711 0.23 1.33 1.37 

7.79 1.095 0.22 1.46 1.46 

3.37 1.065 
1.090 

0.29 
0.26 

1.35 
1.63 

1.37 
1.33 

i 
b (R • 1.25) 

i - No temperature coefficient of I could be determined 
at this pH because of the extreme rapidity of hydrolysis 
at 25*0. 

i 

i 

I 

••.- 
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Table IV. Polarographic data for 2-broao-2-Gtnylhe:<:oic acid (BE) 

Except as noted the temperature was G9£,  and the mercury 
height was 50 cm* 

PH 
Acid    ' 

Concn. 

m 

~E1 
1 

v. 

c 4d I Note 

1.07 0.494 
0.494 

0.142 
0.154 

0.7 
0.6 

1.17 
1.50 

1.66 
1.47 b (H - 1.26) 

1.41 0.221 0.163 0.9 0.59 1.9 

1.30 0.221 
0.494 

0.156 
0.133 

0.9 
0.7 

0.60 
1.10 

1.9 
1.55 

5.60 0.494 0.452 0,4 0.90 1.3 

3. 20 0.494 
0.494 

0.623 
0.632 

0.2 
0.4 

0.67 
1.11 

1.2 
1.26 b (R - 1.26) 

a. 60 0.522 
0.266 

0.791 
0.771 

0.5 
0.4 

0.93 
0.49 

1.2 
1.3 

a 

9*00 0.494 
0.247 

0.795 
0.760 

0.5 
0.4 

1.02 
0.47 

1.5 
1.4 

• 

I I 

I 

1 . 

1 • 



Table V. Polarographic data for the esters of the 2-bromo acids 

Except as noted, the temperature was 0€C. and the mercury 
height was 50 cm- 

Eater 

EtKH 

EtEH 

EtMM 

EtEE 

EtBE 

Ester 
PH Conen. 

m£J 

~E1 
1 

v. 

a *d 

^ia. 

I Not* 

1.41 
a.oo 

O.Iuo 
0.169 
0.169 

0.345 
0.353 
0.36a 

o.a 
o.a 
0.6 

0.276 
0.44a 
0.420 

1.32 
1.35 
1.70 

1.07 
1.41 
a. 6o 

0.112 
0.156 
0.156 

0.336 
0.335 
0,340 

o.a 
o.a 
0.5 

0.294 
0,366 
0.420 

i.a3 
1.63 
i.a5 

1.41 
9.00 
9.00 
9.00 

0.546 
0.109 
0.109 
0.109 

0.2/«3 
0.26a 
0,269 
0.20a 

o.a 
i.i 
1.1 
1.2 

1.05 
0.223 
0.216 
0.222 

1.34 
1.46 
1.39 
1.43 

\ 

1.41 
1.41 

0.509 
0.102 

0.212 
0.205 

o.a 
0,6 

i«.oa 
0.300 

1.4a 
2.05 k 

k 

1.41  0.116  0.143  0.6  0.246  1.43 

Maxima present even at this low concentration. 
Distortion of wave makes these data less accurate. 
The current values here are inexplicably high. 

eil 

I 
1 

\ 

• 

1- 1 

I 
*3 
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Table VI. Polarographic data for Dr-omoacetlc acid (HH)t 
2-bromopropionic acid (HH) and 2-bromobutyric acid (EH). 

The temperature for all these runs was 0*C.» and the 
mercury height was 50 cm. Diffusion coefficients are 
2.15 x 10"&, 2.08 x 10~& and 2.02 x 10~& for HHt MH 
and EH respectively.  Ilkovic n-value is 2 in all cases. 

Acid 

HH 

MH 

EH 

Acid 
PH Concn. 

mM, 

~E1 

v. 

G. *d I Notes 

1.07 
1.60 

0.610 0.673 
0.673 

0.47 
0.50 

1.96 
1.88 

2.32 
2.20 

f 
f 

8.20 
6.67 

1.235 
1.229 

0.40 
0.40 

1.82 
1.80 

2.16 
2.16 

1.07 
1.60 

0.676 0.516 
0.557 

0.36 
0.39 

1.96 
1.88 

2.08 
1.98 Si 

6.20 
8.67 

1.195 
1.196 

0.42 
0.49 

2.04 
1.66 

2.20 
1.99 

1.07 
1.60 

0.591 0.473 
0.496 

0.43 
0.41 

1.47 
1.53 

1.65 
1.93 r.'t 

6.20 
8.87 

1.216 
1.217 

0.51 
0.46 

1.56 
1.41 

2.01 
1.60 

• 

JL - This E, value is larger than the preceding probably 

because it falls on the rising portion of the E-, vs. 
pH curve. 1 
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Table VII. Comparison of the half-wave potentials 

of the acids studied. 

Temperature » 0*C.     Height of mercury - 50 cm. 

pH    HH    hH     EH    MM    ME    EE    BE 

1.1  0.67  0.52   0.47  0.29   0.25  0.22  0.14 

1.4   _.    —    -«    ~    —    ~   0.16 

1.8  0.67  0.56   0.50  0.2$   0.26  0.22  0.16 

4.0 

4.6 

5.6 

7.6 

6.2 

6.6 

6.9 

9.0 

1.24 1.20 1.22   — 

0.47 0.40 0.39 — 

0.56 0.49 0.46 — 

0.60 0.69 0.71 0.45 

1.06 1.03 1.10 — 

— — — 0.62 

mm mm mm 0.79 

1.23  1.20   1.22  1.06   1.02  1.07 

0.60 

The values listed in this table are those considered 
by the authors as most reliable for each pH. 

u 



Fig. 1. Relation of Ei to chain length of the acid for 

bromo aside and their ethyl esters. Solid linesi 

acids. Dotted lines* esters. Dashed lis^st data 

for acids in reference 1. 
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